Antibiotic fermentation processes are raw material cost intensive and the profitability is greatly dependent on the product yield per unit substrate consumed. In order to reduce costs, industrial processes use organic nitrogen substrates (ONS) such as corn steep liquor and yeast extract. Thus, although the stoichiometric analysis is the first logical step in process development, it is often difficult to achieve due to the ill-defined nature of the medium. Here, we present a black-box stoichiometric model for rifamycin B production via Amycolatopsis mediterranei S699 fermentation in complex multi-substrate medium. The stoichiometric coefficients have been experimentally evaluated for nine different media compositions. The ONS was quantified in terms of the amino acid content that it provides. Note that the black box stoichiometric model is an overall result of the metabolic reactions that occur during growth. Hence, the observed stoichiometric coefficients are liable to change during the batch cycle. To capture the shifts in stoichiometry, we carried out the stoichiometric analysis over short intervals of 8-16 h in a batch cycle of 100-200 h. An error analysis shows that there are no systematic errors in the measurements and that there are no unaccounted products in the process. The growth stoichiometry shows a shift from one substrate combination to another during the batch cycle. The shifts were observed to correlate well with the shifts in the trends of pH and exit carbon dioxide profiles. To exemplify, the ammonia uptake and nitrate uptake phases were marked by a decreasing pH trend and an increasing pH trend, respectively. Further, we find the product yield per unit carbon substrate to be greatly dependent on the nature of the nitrogen substrate. The analysis presented here can be readily applied to other fermentation systems that employ multi-substrate complex media.
Introduction
Genus Actinomycetes constitutes widely distributed group of bacteria with interesting phenotypic characteristics. Actinomycetes are best known for their economic importance as producers of antibiotics, vitamins and enzymes. Moreover, Actinomycetes are emerging as Greek letters δ error in the experimental measurement ε residual cell-factories for several new molecules (Gunnarsson, 2003) . In the last two decades alone, more than 1000 new secondary metabolites have been detected in Actinomycetes (Euverink, 1994) . This necessitates a systematic approach to optimize the Actinomycetes fermentation processes for maximizing the product yields. An industrial actinomycete fermentations operate at volume ranging from 100 to 1000 m 3 , where the yield of product per unit substrate (Y P/S ) is a crucial parameter for process optimization (Neilsen, 1995) . A systematic stoichiometric analysis is therefore a first step in fermentation process development. For stoichiometric models that describe fermentation processes, the reader is referred to reviews by Roels (1997) , Wang and Stephanopoulos (1983) , Andrews (1989) and Tsai and Lee (1989) . The stoichiometric analysis has been proved to be an effective tool for describing the cultivation processes involving growth (Noorman et al., 1991; Lillian et al., 1992; Ooijkaas et al., 2000; Dauner and Sauer, 2001) , product synthesis (Mou and Cooney, 1983a; Sauer et al., 1998) , media optimization (Xie and Wang, 1994) , designing substrate feeding strategies (Mou and Cooney, 1983b; Xie et al., 1997) and for online identification of metabolic states (Cooney et al., 1977; Herwig et al., 2001) . However, stoichiometric analysis has proved to be challenging for fermentations that involve complex media mainly due to the ill-defined nature of the medium. Further, stoichiometry analysis of actinomycete fermentation process has not been reported.
The rifamycins (Oppolzer and Prelog, 1973) , exemplified by rifamycin B, are a family of ansamycin antibiotics (Rinehart and Shield, 1976) with pronounced anti-mycobacterial activity. These are extensively used in the clinical treatment of tuberculosis, leprosy and AIDS-related mycobacterial infections (Sepkowitz et al., 1995) . The rifamycins are produced by an actinomycete, Amycolatoposis mediteranei in the submerged cultivation. With relatively low price of rifamycins and competitive market, the rifamycin B cultivation process operates at volume ranging from 100 to 1000 m 3 (Jin et al., 2004) in complex medium.
Here, we present a black box stoichiometric model for rifamycin B fermentation on complex media containing substitutable carbon and nitrogen substrates. The rates of growth, product formation and substrate consumption were measured via online and offline measurements to estimate the stoichiometric coefficients. Macroscopic and elemental balances have been employed to test the consistency of data in this overdeternimed system (Wang and Stephanopoulos, 1983) . A systematic method was employed to detect measurements that contain gross errors and cause the violation of the macroscopic balance constraints. A subset of rates with the smallest values of measurement errors was used for the estimation of stoichiometric coefficients. Here, we address the following questions: (i) what are the major shifts in the stoichiometry during the batch fermentation of rifamycin B? (ii) Is the product yield calculated per unit carbon substrate dependent on the nature of nitrogen substrate? (iii) Do the phase shifts in stoichiometry correlate with shifts in the trends in the variables measured online?
Materials and methods

Experimental methods
Prof. Heinz Floss (Washington University, USA) kindly donated the rifamycin B overproducer strain of Amycolatopsis mediterranei S699 that does not require barbital (Yu et al., 2001 ). The preculture was propagated as described by Kim et al. (1996) . The fermentation media was prepared as described in Bapat and Wangikar (2004) . The media contained (per liter of distilled water) glucose, 80 g; CaCO 3 , 11 g; KH 2 PO 4 , 1 g; MgSO 4 ·7H 2 O, 1 g; FeSO 4 ·7H 2 O, 0.010 g; ZnSO 4 ·7H 2 O, 0.050 g; CoCl 2 ·6H 2 O, 0.0030 g. Additionally, the fermentation media was supplemented with one or more components of nitrogen substrates out of (NH 4 ) 2 SO 4 , KNO 3 , yeast extract (YE), meat extract (ME), peptone (PP), tryptone (TR), defatted soybean flour (DSF), mixture of soy flour-corn steep liquor solids (DSF-CSL) and AMS-DSF-CSL. After adjusting the pH to 7.0 with 1N NaOH, the medium in the fermentor was sterilized by autoclaving at 121 • C for 15 min.
Bioreactor and cultivation conditions
Batch cultivations were carried out in Biostat ® B5 bioreactor (B. Braun Biotech International, Schwarzenberger, Germany) with a working volume of 1.5 l. One hundred and fifty milliliters of seed culture was used to inoculate the bioreactor. The temperature was kept constant at 28 • C and dissolved oxygen was maintained at 40% via cascade control with agitator. The aeration rate was maintained at 1.0 vvm (volume of air per volume of media per minute). The concentration of O 2 and CO 2 in the exit gas stream from the bioreactor were measured by infrared spectroscopy and paramagnetic analysis, respectively (Analyzer BINOS1002M ® with sample conditioning unit, Rosemount Analytical, Germany).
Analytical techniques
Mycelia dry cell weight (DCW) was determined by first removing the insoluble substrates, which settle under gravity and then filtering 10 g cultivation medium on dried preweighed nitrocellulose filters (Whatmann, Brentford, Middlesex, UK). The residue was washed with distilled water; the filter was dried to constant weight in a microwave oven at 150 W for 4 min. Glucose was analyzed via RI detector on HPLC (Hitachi, Merck KgaA, Darmstadt, Germany) using HP-Aminex-87-H column (Biorad, Hercules, CA, USA). The column temperature was maintained at 60 • C with column oven. A mobile phase of 5 mM sulfuric acid with flow rate of 0.6 ml/min was used (Ross and Chapital, 1987) . The concentration of free amino acids was estimated via the ninhydrin method (Moore, 1968) . The concentration of rifamycin B and ammonia in the broth were determined as described previously (Bapat et al., 2006a) . Nitrate measurement was done using nitrate electrode (EA940 Ion Analyzer, Thermo Orion, USA). The elemental analyzer (Thermofinigan, FLASH EA 1112 Series, Italy) was used to determine the elemental composition of biomass. The analyzer was first calibrated with sulfanilamide standard (C 6 H 8 N 2 O 2 S).
Black box stoichiometric model
The strain was cultivated in a medium with glucose (Glc) as a primary carbon source. The nitrogen substrate was either defined such as ammonia or nitrate, or complex such as yeast extract. Note that the organic nitrogen substrates (ONS) used here primarily contains proteins, peptides and amino acids. The proteins and peptides are hydrolyzed to free amino acids in the extracellular medium before uptake. Thus, the ONS is being represented in terms of the amino acid content. Assuming that the process of growth and product formation by the organism can be represented by an overall chemical reaction in which the substrate is biologically converted to cell mass and extra cellular metabolite products, one can write a black box stoichiometric model (Eq. (1)): (1) leads to the u + v + 1 conversion rates, depending on the number of nitrogen substrates present in the medium. Here, u is the total number of substrates, v the total number of metabolic products and 1 is the component for biomass. The degree of redundancy of the system can be calculated as,
, where i is the number of measured conversion rates and j is the number of elemental balances, which is 4 in the present case. The elemental balance equations are shown in matrix form in Eq. (2). The elemental matrix E represents the elemental composition of the substrates, products and biomass. E contains four rows, one each for the elements, H, O, N and u + v + 1 columns for the species in Eq. (1). The vector q is a u + v + 1 column vector of volumetric reaction rates. Of the u + v + 1 rates, the i rates are measured, which form the column vector q m while u + v + 1 − i rates are unmeasured which form the column vector q u . The subscripts m and u are used to indicate the measured and unmeasured rates, respectively. The corresponding elemental composition matrices are E m and E u , respectively. The elemental balance equation (2) can then be rewritten as Eq. (3). The unmeasured rates q c can be calculated by minimizing the square of errors by Eq. (4) provided that the matrix E T u · E u has a full rank. Finally, the stoichiometric coefficients are calculated by dividing the rate of conversion of the specific component i, by the rate of consumption of the substrate, −q s as shown in Eq. (5). Note that the stoichiometric coefficients presented in this work have the units of C-mole/C-mole. For example, the units of Y X/S are C-mole of biomass produced/C-mole of glucose consumed:
Statistical hypothesis testing for the estimation of gross error
In an over-determined system (with f > 0), it is possible to substitute the values of q u obtained from Eq. (4) back in Eq. (3) to verify the data consistency (Eq. (6)). The presence of random errors in the measurement will produce a vector of residual in the elemental balance equations as shown in Eq. (7):
where R r is the reduced redundancy matrix containing only the independent rows of redundancy matrix R while ␦ is the vector of measurement errors defined as the difference between the true value (y) and the measured value (ŷ) of a measurable parameter. It is assumed that the experimental error associated with the measurements is normally distributed with a mean of zero and known variance (Wang and Stephanopoulos, 1983; Noorman et al., 1996) . As a result, the residuals ε are expected to be zero-centric with covariance P (Eq. (8)). A test function h is formulated to judge whether the residuals in the balance equations deviate significantly from the expected value of zero (Eq. (9)):
Here F is the covariance matrix of the errors in experimental measurements. The distribution that applies to the test function needs to be established. If the residuals are assumed to have identical and independent normal distribution then the test function h is equal to the weighted sum of squares of m elements. In this case h follows chi-square (χ 2 ) distribution with f degrees of freedom. The judgment on error detection is strongly dependent on hypothesis testing performed on test function. We reject the null hypothesis that the amount of errors present in measurement is not significant with 95% confidence level if h ≥ χ 2 0.95 (f ). If the hypothesis testing indicates a systematic error in the measurements, then the exercise of hypothesis testing is repeated by omitting one variable at a time from the set of measured variables.
Results
Stoichiometric analysis was performed for growth of A. mediterranei S699 on nine different media compositions on a laboratory scale fermentor. The consumption and production rates were measured for glucose (q S ), biomass (q X ), rifamycin B (q P ), ammonia (q N 1 ), nitrate (q N 2 ), amino acid (q N 3 ), carbon dioxide (q CO 2 ) and oxygen (q O 2 ). Since this represents an overdetermined system, equality constraints derived from material balances were employed for the detection of data inconsistencies (Eqs. (2)- (9)). The test function h was formulated to judge the residuals in the elemental balance equations. To compute h, we need to a priori know the variance of the errors in experimental measurements (F). F is a square matrix where the element F k,l represents the covariance of errors in measurements k and l. Here it is assumed that errors of different measurement types are uncorrelated resulting in a diagonal matrix F. Further, based on preliminary work on quadruplet measurements on each analytical technique, the variances for the liquid phase and gas phase measurements were assumed to be 10% and 15%, respectively. The stoichiometric analysis was performed for intervals of 8-16 h duration. This was based on the knowledge of the doubling time of A. mediterranei, which is in the range of 8-12 h (Bapat et al., 2006a) . We chose to perform the analysis on short intervals rather than the whole batch as the stoichiometric coefficients may change from one interval to the next based on the substrate consumption pattern. A significant change in stoichiometric coefficient would indicate a phase shift.
Defined media
The defined medium contained glucose (Glc) and ammonium sulfate (AMS) as the sole carbon and nitrogen substrates, respectively. The concentrations of substrates, rifamycin B and biomass were measured at intervals of 8-16 h (Fig. 1A) , which were used to compute the volumetric rates of respective component. Note that the batch experiences nitrogen limitation at approximately 80 h. The concentrations of carbon dioxide and oxygen in the vent gas and the concentrations of dissolved oxygen in the reactor and the agitation speed were monitored online (Fig. 1B) . The vent CO 2 and O 2 concentrations allow us to compute the instantaneous volumetric rates of CO 2 generation (q CO 2 ) and O 2 consumption (q O 2 ), respectively. Note that the frequency of rate measurements for the liquid based measurements and gas based measurements are different. Therefore, average values of q CO 2 and q O 2 were used over an interval where the liquid phase rates were available. The black box stoichiometric equation with defined media has seven components (Eq. (1)). With six rate measurements and four elemental balances, the degree of redundancy in measurements (f) is 3. This redundancy allows us to perform a systematic error analysis. The value of test function h was evaluated at all the intervals (Table 1) . We reject the null hypothesis that there are no systematic errors since the h values are greater than the threshold value at 95% confidence (χ 2 f =3 = 7.81). This may arise either due a systematic error in one or more of the measurements or due to a missing product. First, we consider the possibility of a measurement error. To that end, we computed the test function h by omitting two measurements at a time, with the degree of redundancy, f, being unity. In all the cases, the h values were greater than the threshold for the first interval indicating data inconsistency in that interval. This was expected as the changes in the concentrations were small leading to large percentage errors in the rate estimates in this interval. This may be a result of the fact that the culture is in lag phase in this interval. This is evident from the low values of vent CO 2 for the first 20 h or so (Fig. 1B) . For the subsequent intervals, the h values were smaller than the threshold when the rates of ammonia (q N 1 ) and oxygen (q O 2 ) were omitted from the set of measured rates q m . The h values were greater than the threshold when either q N 1 or q O 2 was included in the set q m . This indicates that the measurements of ammonia and oxygen consumption rates may contain some systematic errors in this batch run. Subsequently, the stoichiometric coefficients were estimated from this combination (Fig. 1C) .
The stoichiometric coefficients Y X/S and Y N 1 /S for the second interval were unusually larger and smaller, respectively, than those expected for growth with glucose and ammonia (Fig. 1C) (Neilsen, 1995) . This may Fig. 1 . Growth and product formation in defined medium: Amycolopsis mediterranei S699 was grown with glucose (80 g/l) and ammonium sulfate (4 g/l) as the sole carbon and nitrogen substrates, respectively. The other micronutrients included potassium phosphate, 1 g/l; magnesium sulfate, 1 g/l; ferrous sulfate, 0.01 g/l; zinc sulfate, 0.050 g/l; cobalt chloride, 0.003 g/l; calcium carbonate, 11 g/l. The dissolved oxygen was controlled at 40% of saturation value by using the stirring speed as a control variable. (A) Offline concentration measurements of substrates, biomass and rifamycin B. (B) Online measurements of dissolved oxygen, pH, vent CO 2 and vent O 2 . (C) The stoichiometric coefficients in different intervals of the batch as estimated from the rates of consumption of substrates and formation of biomass and product. The rates of substrate (q s ), biomass (q x ), product (q p ) and CO 2 (q C ) were treated as measured rates to estimate the rates of other components.
be due to the fact that the organism utilizes the small quantities of amino acids that are transferred from the seed culture. This component was not incorporated in the stoichiometric analysis for this batch as the concentrations were relatively small. For the rest of the intervals in the batch, the values of Y X/S and Y N 1 /S were in the ranges of 0.5-0.6 and 0.08-0.1, respectively. These values correspond well with the literature reports for other microorganisms (Neilsen et al., 2002) . Interestingly, the Y P/S values show a steady increase Table 1 Error analysis via hypothesis testing for growth and product formation in defined medium: Amycolopsis mediterranei S699 was grown with glucose and ammonium sulfate (refer to legend to Fig. 1 a The rate measurements were obtained over the specified interval. b In an over-determined system, the presence of random errors in rate measurements leads to inconsistency in the elemental balance equations.
A test function h is designed to quantify if the residuals in balance equations are significantly different from zero. When the raw measurements are uncorrelated, the test function follows χ 2 distribution. We reject the null hypothesis that there are no systematic errors if the value of h is greater than threshold. c The measurements used were glucose (q S ), biomass (q X ), rifamycin B (q P ), ammonia (q N 1 ), carbon dioxide (q CO 2 ) and oxygen (q O 2 ). The degree of redundancy f is 3. The threshold for χ 2 distribution at 95% confidence interval (χ 2 95%, f =3 ) is 7.81 (Neilsen et al., 2002) . d Two measurements were omitted at a time to test the data consistency with the remaining measurements. The threshold value of χ 2 95%, f =1 is 3.84. throughout the batch. This coincides with the depletion of the ammonia in the medium. This may be a result of the fact that the product synthesis is repressed by the presence of free ammonia in the medium (Bapat et al., 2006b ).
Defined media containing two nitrogen substrates
In this batch, the medium contained Glc as the sole carbon substrate and AMS and potassium nitrate as substitutable nitrogen substrates. Note that AMS gets exhausted within the first 75 h or so while the uptake of nitrate begins only after 75 h (Fig. 2A) . The other offline measurements have been shown for completeness. The values of vent O 2 , vent CO 2 , dissolved O 2 concentration, and agitation speed were monitored online. The stoichiometric coefficients were estimated for 11 time intervals (Fig. 2B) . The batch profile appears to be divided into two distinct phases. The first phase where organism utilizes ammonia is marked by higher values of Y N 1 /S . Beyond 75 h, a sharp increase in Y N 2 /S was observed with a concomitant decrease in Y N 1 /S . The shift from ammonia to nitrate is concurrent with an increase of Y P/S from 0.10 to 0.22 (C-mole/C-mole glucose). This indicates a significant change in the product yield on carbon substrate depending on the nature of the nitrogen substrate.
Complex media
This batch contained glucose as a carbon source and DSF-CSL mixture as a complex nitrogen source. DSF-CSL primarily consists of proteins, peptides and free amino acids. The proteins are hydrolyzed to free amino acids in the extracellular medium before uptake. Therefore, the nitrogen substrate in the medium was quantified in the form of amino acids. Note that the free amino acids in the medium get exhausted at approximately 40 h (Fig. 3A) . However, the growth, product formation and glucose consumption continues with a sustained supply of amino acids through hydrolysis of proteins in the medium. The stoichiometric coefficients were estimated for 10 intervals (Fig. 3B) . Note the unusually high values of Y X/S and Y N 3 /S in the initial 40 h or so. This is because of the consumption of amino acids as the primary source of carbon and nitrogen. Subsequently, simultaneous utilization of amino acids and glucose begins with the values of Y X/S being in the range of 0.6-0.8. These values are higher than the corresponding values for Glc-AMS batch as the amino acids used in this batch play a role of carbon and nitrogen substrate. Therefore, the values of 0.8 C-mole of cell mass produced/C-mole of glucose consumed are not unusual. The coefficient Y P/S increases from an average value of 0.07 during the first 40 h to an average value of 0.09 beyond 40 h. Further, no product formation was detected for the first 10 h. These trends suggest that the product formation may be dependent on the uptake of glucose as a carbon substrate.
Complex media with organic and inorganic nitrogen substrates
In this case, a complex medium containing Glc, DSF-CSL and AMS was used. The sequence of substrate uptake shows interesting patterns with three phases that can be distinguished qualitatively (Fig. 4A) . Fig. 1 . To estimate the coefficients, rates of q S , q CO 2 , q P and q N 3 were treated as measured. The two phases of uptake of the substrate combinations are marked as P1 (amino acid uptake) and P2 (amino acid and glucose uptake).
First, the free amino acids are consumed for the first 40 h followed by simultaneous uptake of glucose and ammonia for the next 20 h followed by uptake of glucose and amino acids. Thus, the first phase is marked by high values of Y N 3 /S and Y X/S . Rifamycin B was not detected during this phase. From 40 h onwards Y N 3 /S and Y X/S values decrease with a concomitant increase in Y N 1 /S and Y P/S . This phase lasts up to 60 h. The value of Y N 1 /S remained unchanged while Y P/S increases substantially during this phase. In this phase, Glc and AMS act as primary carbon and nitrogen substrates, respectively, while amino acids act as both, substitutable C-and N-source. Finally, a third shift was detected between 60 and 95 h marked by simultaneous utiliza- To estimate the coefficients, rates of q S , q CO 2 , q P , q N 1 , q N 3 were treated as measured. Other conditions are as shown in legend to Fig. 1 . The three phases of uptake of the substrate combinations are marked as P1 (amino acid uptake), P2 (glucose and ammonia uptake) and P3 (glucose, ammonia and amino acid uptake).
tion of Glc and amino acids. Throughout this phase no significant change was observed in stoichiometric coefficients for substrates and rifamycin B formation.
Other organic nitrogen substrates and improvement in productivity
The stoichiometric analysis was performed with cultivation media containing Glc as a primary carbon substrate and various organic nitrogen substrates (ONS) ( Table 2 ). The ONS primarily contain small peptides, proteins and amino acids. A systematic stoichiometric analysis was performed on these medium combinations by measuring the concentrations of substrates, product and biomass at regular intervals. Consistency of the data was checked via hypothesis testing as described in Section 2 (data not shown). We find the overall yield of the product per unit carbon substrate (Y P/S ) and the product concentration at the end of the batch to be significantly dependent on the nature of ONS. For example, DSF offers the highest Y P/S value while YE offers the lowest. Although the different ONS contain proteins, peptides and free amino acids, the relative fractions of these components vary from ONS to ONS. We quantified this by measuring the concentration of free amino acids (N avail ) and the total concentration of the amino acid after hydrolysis (N Total ). Of the five ONS used, the concentration of available nitrogen (N avail ) and total nitrogen (N T ) was the highest in YE and the lowest in DSF. Thus, in general, the product yields appear to be higher with media containing smaller N avail /N Total ratios. This may be a result of nitrogen catabolite repression on the product formation reactions (Bapat et al., 2006b ).
Online profile of q CO 2 and pH
In addition to the variables incorporated in the stoichiometric model, we measured pH, dissolved oxygen and CO 2 evolution rate and the agitation speed for the various batches. Although some of these variables are not modeled, they provide additional information and may be correlated with the distinct phases in the fermentation. For example, pH is a complex function of the various metabolic reactions and may be difficult to model accurately (Siano, 1996) . However, the pH trends may provide useful information about the overall stoichiometry of the process. The online measurements for pH and q CO 2 have been shown for four different media compositions (Fig. 5) .
In defined media, Glc was used as sole C-source and AMS as sole N-source. A continuous pH drop was observed throughout the fermentation (Fig. 5A) , while three distinct phases were observed in q CO 2 profile. In first phase, q CO 2 remained relatively unchanged at approximately 0.001 (mole/l/h). From 40 h onwards, a change in a phase was marked with a steady increase in q CO 2 indicating increase in respiration. A similar shift in phase was observed in stoichiometric coefficients profile. From 70 h onwards q CO 2 remained unchanged indicating third shift in a phase.
In the defined medium that contained ammonia and nitrate as two alternate nitrogen substrates, the fermentation batch can be divided into two phases based on the pH and q CO 2 profile. The first phase was similar to the Glc-AMS batch with a decreasing pH trend. A distinct change was observed in both pH and q CO 2 profiles at approximately 80 h suggesting a phase change. An increasing pH trend correlates well with the onset of the uptake of nitrate. The q CO 2 profile shows changes between 80 and 120 h, possibly indicating adjustments in metabolism during the onset of nitrate utilization.
In complex media containing glucose and DSF-CSL, the pH and q CO 2 increases steadily in the first 50 h, pH then subsequently decreases. The phases are not completely disjoint but rather may have some overlap. The first phase change clearly correlates with the shift from an increasing pH trend to a decreasing pH trend. The second phase change could not be clearly detected as the change may be more gradual.
In the complex media containing Glc, DSF-CSL and AMS, we have noted three distinct phases, the first involving the uptake of amino acids, the second involving the uptake of glucose and ammonia and the third involving the uptake of glucose and amino acids. The q CO 2 profile experiences a peak at approximately 25 h. We can qualitatively relate these events to the stoichiometry of the growth process. The first 25 h are marked by the uptake of amino acids as the sole source of carbon and nitrogen. Subsequently, the organism slowly shifts to the uptake of glucose and amino acids. Thus, the increasing pH trend corresponds to the uptake of amino acids and transition to the uptake of glucose and amino acids. The decreasing pH trend beyond 50 h corresponds to the glucose uptake phase.
Discussion
Industrial scale fermentation processes typically utilize complex nitrogen substrates to minimize the raw material costs. The substrates may be derived from agricultural products such corn steep liquor or defatted soya flour, and as a result, are chemically not well defined. Therefore, quantitative analysis of substrate uptake in such fermentation processes has remained a challenge. We quantify the organic substrates in the form of amino acid content, free amino acids and total amino acids. The latter is obtained after acid hydrolysis of the sample. Thus, to our knowledge, this is the first report of detailed stoichiometric analysis for fermentation processes in complex media. The data consistency was verified by computing a test function. A total nine different media combinations were used to demonstrate the application of the proposed methodology. We observe that measurements of oxygen and ammonia uptake rates contribute significant error. The error in the ammonia measurement might be because of strippingoff of ammonia as a volatile ammonia gas (NH 3 ) due to the continuous aeration of the broth. A similar observation was reported by Cristensen (1992) for penicillin fermentation. Note that the error in ammonia measurement was not significant in the batches that contained ONS. The broth viscosity was much greater in these batches than those with defined media (data not shown). It is likely that the stripping of ammonia may be substantially lower in complex media due to the higher viscosity (Perry and Green, 1997) . However, the biomass measurements were erroneous in media containing ONS due to the presence of solids. As a result, we kept q N 1 , q O 2 and q w as unmeasured variables for defined media while keeping q x , q O 2 and q w as unmeasured in complex media. The measurements of q O 2 were found to be error prone in all the batches. This may result due to the small percent change in the feed and vent O 2 concentrations leading to large percent errors. A. mediterranei is a slow growing culture with lower oxygen demands than those in conventional bacterial cultures. We have observed that q O 2 measurements are reliable for other cultures such as Bacillus subtilis and Pseudomonas putida, which grow faster than A. mediterranei (data not shown).
We observed that stoichiometric coefficients (Y ij ) vary during the course of fermentation. The change in the Y ij can be attributed to the shift in substrate utilization pattern as well as cell metabolism. Further, the shift in stoichiometric coefficients can be qualitatively correlated with shift in profiles of online parameters. For example, in Glc-AMS-KNO 3 cultivation condition, the shift from ammonia to nitrate assimilation coincided with a shift from a decreasing pH trend to an increasing pH trend. A similar profile was observed in a cultivation condition where AMS was used with complex media. We used calcium carbonate in the medium, which acts as a weak buffer and restricts the pH changes within 1.0-1.5 pH units of the initial pH value thereby limiting the adverse effects of pH swings. Our preliminary experiments show that the pH swings can be as much as 3-4 pH units with media that do not contain calcium carbonate.
The rifamycin B yield calculated per unit carbon substrate (Y P/S ) seems to be dependent on the nature of the nitrogen substrate used in the medium. We find that the use of DSF as an ONS supports the highest product yield (Y P/S ) as well as the end of batch product concentration. Note that the concentration of free amino acids is the smallest for DSF among the ONS used in this study. Likewise, Y P/S the value was found to be greater with nitrate than with ammonia as a nitrogen substrate. The lower Y P/S values in media containing YE or AMS could be due to nitrogen catabolite repression exerted by the free amino acids and ammonia, respectively (Bapat et al., 2006b) . Note that both ammonia and free amino acids can be taken up directly by the organism whereas the substrates such as nitrate or proteins in DSF need some preprocessing in the extracellular medium before being taken up.
The determination of the stoichiometric requirements of the various substrates is clearly the first step in an industrial fermentation process development. The stoichiometric model presented here along with an appropriate kinetic model can be used in optimization, control and monitoring of the process. The results on stoichiometric coefficients would be of specific interest to the scientific community working with actinomycetes while the strategy would be useful for other industrial fermentation that employ complex media.
